Wax formation in hydrocarbon fluids at low temperatures is one of the harassing problems faced by the petroleum industry. The prevention of wax formation, the production of diesels more resistant at low temperatures and the design of new and better additives requires a good understanding of the crystallisation behaviour of the paraffin molecules. Better experimental techniques to study the wax formation and reliable thermodynamical models, able to predict the solid-liquid equilibrium of petroleum fluids, would help to prevent and overcome many of the problems associated with wax deposition.
Introduction
The Auto-Oil program from the European Commission aims at reducing the emissions of the car fuels [1] . It has already lead to low sulphur content diesels, unleaded gasolines and should, in the near future, severely reduce the aromatics present in fuels. The trend, in what concerns hydrocarbons, is clearly towards less aromatic and more paraffinic fuels [2, 3] . The advantages from the environment and combustion point of view have, however, some drawbacks such as a poorer behaviour at low temperatures.
For a typical diesel, without additives, at temperatures below 10ЊC the paraffins start to crystallise forming plates and needles that plug pipes and filters. A few degrees below the wax appearance point (WAP) the solution gels completely preventing the flow of the fuel. To produce fuels that conform to the new European standards and at the same time are robust for use at low temperatures it is important to be able to relate the wax formation with the composition of the fluid. This will help to adequately design the production and blend of fuels, as well as to select the most adequate additives [4] . This work analyses the effect of the desulphuration process used at the Petrogal refinery in the low temperature behaviour of a diesel. This is done by extending to real fluids, apparatuses and theoretical models that had proven valuable in the study of synthetic paraffinic mixtures [5] [6] [7] [8] . Extensive measurements of composition and phase equilibria are done to the diesel before and after desulphuration and the results compared. A description of the experimental data is done with the Predictive UNIQUAC model. It is shown that an excellent agreement with the experimental data is obtained.
Experimental
Basic compositional information concerning the PNA distribution and the average molecular weight for the two diesels studied was known from standard refinery analysis. The paraffinic fraction was confirmed by GC and a detailed analysis is presented in Table 1 for the two diesels. They are hereafter labelled S (pre-desulphuration diesel) and NS (desulphured diesel).
Gas chromatography
To measure the composition of the diesels, and the and a final empty column of about 30 cm. The injection is performed on-column. On this chromatograph both the temperature and the carrier gas flow rate are programmable. To obtain a better separation of the heavy paraffins the gas flow rate is kept at 2 ml/min during the first 100 min and then increased to 3 ml/min. The heating starts at 60ЊC, is heated at 2.5ЊC/min to 305ЊC, and then at 2ЊC/min up to 320ЊC. Under these conditions paraffins between decane (n-C10) and dotriacontane (n-C32) can be quantified. Nonane (n-C9) [Aldrich, Ͼ99%]was used as reference and CS 2 as solvent. A chromatogram for diesel NS is shown in Fig. 1. 
Equilibrium cell
A diagram of the equilibrium cell used is presented in Fig.  2 . It has been described in detail elsewhere [7, 8] . Basically it is a thermostatic cell where the fluid is allowed to equilibrate for 18 h before sampling. The liquid phase is obtained by filtration of the sample pressing the filter cake. After melting, the residual fraction, composed of solids and entrapped liquid is also collected. GC analysis are made on both samples and the composition of the solid phase and fraction of solid material is obtained from material balances as described in Appendix A.
Differential scanning calorimetry
The calorimetric measurements were performed in a Setaram DSC 141. The sample was cooled to Ϫ140ЊC, kept at that temperature for 15 min to stabilise, and then heated up to 50ЊC at 3ЊC/min. A typical run is shown in Fig. 3 for diesel NS. They are similar to other DSC measurements for fuel and crudes previously reported in the literature [9, 10] . After a glass transition at around Ϫ80ЊC, follows an exothermic peak due to the crystallisation of species that did not crystallise on cooling. Then a broad endothermic effect resulting from the dissolution of the paraffinic crystals in the liquid matrix appears. The major problem in the DSC analysis of these fluids is the definition of a base line. The approach of Claudy and Létoffé [9, 10] was followed here. A second-order polynomial is fitted to the liquid region and the basis of the exothermic peak where the dissolution of the paraffins begin. This is but an approximation, albeit the best available at the moment, and some incertitude is introduced in the calculations by its adoption. Using this base line the fraction of solids dissolved is obtained using an approach that proved adequate for complex synthetic mixtures and is described elsewhere [11] .
Wax formation modelling
The wax formation is treated as a solid-liquid equilibrium of paraffins between a solution and an orthorhombic solid phase [5, 6] . The general solid-liquid equilibrium equation relating the composition in both phases with the non-ideality of the phases and the pure component thermophysical properties is used [12 
Correlation for the heats and temperature of phase transition, based on the data presented by Broadhurst [13] , used throughout this work are presented in Appendix A.
The liquid phase non-ideality
In liquid hydrocarbon mixtures, the non-ideality arises both from entropic effects such as size difference and free volume effects, and energetic interactions between unlike molecules as aromatics and aliphatics. The activity coefficient model used for the liquid phase is thus:
where ln g res is given by modified UNIFAC [14, 15] and describes the energetic interactions between the molecules. 
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The size difference effects and free volume contributions, given by ln g comb-fv , are described by the Flory-free volume equation [16] :
where V i is the molar volume and V Wi is the van der Waals volume of component i.
The solid phase non-ideality-Predictive UNIQUAC
The solid phase non-ideality will be described by the Predictive UNIQUAC model [5, 6] . This is a version of the original UNIQUAC where
using a new definition for the structural parameters r and q [6] . Correlations for these parameters are presented in Appendix A. The predictive local composition concept [5] allows an estimation of the interaction energies, l ij , used by these models. The pair interaction energies between two identical molecules are estimated from the heat of sublimation of an orthorhombic crystal of the pure component,
Here Z is the coordination number and has a value of Z 6 for orthorhombic crystals. The heats of sublimation, h sblm h vap ϩ h m ϩ h tr ; are calculated at the melting temperature of the pure component. The heat of vaporisation h vap is assessed using a correlation by Morgan and Kobayashi [17] . The pair interaction energy between two non-identical molecules is given by
where j is the n-alkane with the shorter chain of the pair ij. The solid-liquid equilibrium model is thus a purely predictive model that uses in the calculation of the phase behaviour nothing but pure component properties.
Results
A compositional analysis was done by GC for diesels S and NS and is presented in Table 1 . It shows a slight increase in the concentration of a number of paraffins and in the global paraffin content of the mixture after desulphuration. The variation in the average molecular weight, although within the experimental uncertainty, points in the same direction.
An analysis by GC-MS shows more than 400 compounds present in the diesel. Using the same temperature program and similar columns as in the GC it was possible to confirm that the peak superposition for the n-alkanes was negligible with the exception of n-C25 were it was not possible to completely separate the paraffin from another non-identified compound.
The study in the equilibrium cell aims at acquiring the composition of the phases in equilibrium and the fraction of solids in the mixture. Compositions of the liquid and residual phase, composed by solids and entrapped liquid, were analysed by GC. The procedure to assess the solid phase composition is described in Appendix A. The experimental phase behaviour data measured can be found in Tables 2-7. A comparison between model predictions and the experimental data is presented for diesel NS in Figs. 4-7 and for diesel S in Figs. 8-11 . The figures would be unreadable with all the 20 n-alkanes and thus only some selected paraffins are presented. In the modelling, pseudo compounds are used to describe the aromatics and naphthenics. Hexylbenzene is used to represent the aromatics and a trimethyltridecane represents the branched alkanes. The composition in aromatics and naphthenics was defined by the PNA analysis. The choice of the pseudo compounds was done to match average molecular weight of the diesel. The use of other pseudo compounds would not have a significant effect on the final results as long as the average molecular weight of the diesel was respected.
Figs. 4 and 8 show the composition variation of the paraffins in the liquid phase with temperature. The mass fractions presented are related only to the paraffins. They do not take into account the solvent. The trends are similar in both diesels with the liquid getting richer in the lower paraffins and poorer in the heavier as the temperature decreases. Some intermediate paraffins, such as octadecane, that do not precipitate at the beginning or precipitate very little, and at low temperatures have their precipitation rate increased go through a maximum in composition. The model provides an excellent description of the data. The liquid phase composition for all the paraffins at a given temperature (Ϫ4.8ЊC) is also presented in Figs. 5 and 9 . This shows the composition distribution of the paraffins in the liquid phase and the performance of the model for all the paraffins. This is generally very good with the exception of n-C25 where, as discussed above, the experimental composition has an error due to peak superposition.
The temperature dependence of the global solid phase composition can be seen in Figs. 6 and 10. Although this is an ongoing discussion in this field, today there seems to be enough experimental evidence that in wax deposition a multiphase equilibrium takes place [8, 18, 19] . The solution of paraffins presents multiple solid phases with different compositions, however, the experimental apparatus used in this work can only provide a global solid phase composition. Although the model predicts the coexistence of as many as three different solid phases for this mixture, unlike previous works [6, 20] just the global solid phase composition is presented. Only the paraffins heavier than n-C18 (including this) were found in the solid within the temperature range studied. The first crystal is richer in heavier alkanes and as temperature decreases their fraction decreases as the solid phase becomes richer in light compounds such as n-C20. As for the liquid phase some intermediate compounds such as n-C23 go through a maximum. The global performance of the model is remarkable although it somewhat underestimates the composition of these intermediate compounds. One should, however, bear in mind that these are model predictions and nothing is fitted to the actual experimental data. The fraction of solids in the partly crystallised solution was obtained both from the equilibrium cell and DSC measurements. It is not possible to claim a perfect fit between the two experimental measurements but given the uncertainty in the DSC baseline the agreement was found satisfactory. The model seems to follow closely the data obtained in the equilibrium cell. The deviations of this data at the lowest temperature are due to too short an equilibration time. Below Ϫ20ЊC the 18 h used to equilibrate the cell do not seem enough.
The wax appearance temperature (WAT) was also measured by DSC. Runs at different heating rates were done and the value extrapolated to zero heating rate. The WATs found are presented in Table 8 and compared with the model predictions. The results support the previous indications that the desulphuration makes the diesel slightly heavier.
Conclusions
The differences between the diesels are, for most measurements, within the limits of experimental uncertainty. A direct comparison between them is thus not possible. Nevertheless the composition and wax appearance temperature measurements indicate that after the desulphuration the diesel becomes slightly heavier and thus somewhat less performing at low temperatures. The thermodynamical model used to describe the phase behaviour of the diesels, based on the Predictive UNIQUAC model for the solid phase, provides an excellent description of the diesels' low temperature behaviour. 
Appendix A

A.1. Calculation of solid phase compositions
In the equilibrium cell there is a liquid, L, a solid, S, some entrapped liquid with the same composition as the liquid, EL, and a residual fraction made of solid and entrapped liquid, R S ϩ EL. There are also two sorts of compounds, those which crystallise, i, and those which do not, k. Since the composition of L and EL are the same, 
A.2. Structural parameters
Correlations for the r and q values used in the Predictive UNIQUAC are here presented. For an n-alkane with n carbon atoms r n 0:0148 ‫ء‬ C n ϩ 0:00996 A6 q n 0:0185 ‫ء‬ C n ϩ 0:0211: A7
A.3. Thermophysical properties
The solid phases for both odd and even n-alkanes are postulated to be orthorhombic phases that undergo a solid-solid transition to a rotator phase before melting [5, 19] . The temperatures of phase transition used are obtained from a correlation of the values of Broadhurst [13] : 
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The heats of sublimation are considered to be temperature independent and calculated at the temperature of melting of the normal alkane. They are obtained adding the heats of vaporisation, melting and solid-solid transition. The heats of melting and solid phase transition used are the following correlations from the Broadhurst [13] 
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The heats of vaporisation are estimated using the Morgan and Kobayashi model PERT2 [17] .
